Abstract: A tunable passively Q-switched fiber laser is fabricated using a graphene saturable absorber. The graphene saturable absorber is composed of a tapered fiber coated with graphene nanosheets. It combines the abilities of a saturable absorber and power-dependent tunable filter, thereby simplifying the structure of the tunable passively Q-switched fiber laser. The transmission peak of the graphene saturable absorber is linearly dependent on the input power and temperature, with slopes of approximately −0.35 nm/mW and −3.63 nm/°C, respectively. The Q-switched fiber laser exhibits a tunable wavelength range of 7 nm (from 1558 to 1565 nm). The output pulse offers the shortest pulse duration of 2.22 µs with a repetition rate of 39.1 kHz and the widest pulse duration is 5.9 µs that corresponds to a repetition rate of 21.3 kHz. The maximum pulse energy is 251.9 nJ, corresponding to an average output power of 8.6 mW.
Introduction
Q-switched erbium-doped fiber lasers have been widely applied in diverse fields such as laser processing, remote sensing, medicine and telecommunications [1] , [2] . According to the type of Q-factor switching, Q-switched fiber lasers can be classified as either passive or active. Compared to the actively Q-switched fiber lasers, which need additional external switching electronics, passively Q-switched fiber lasers have attracted more attention owing to their advantages of compactness, low cost, and simple configurations [3] - [5] . The saturable absorber (SA) is a key element for the passively Q-switched fiber laser, as it is quite important for the Q-switching output perfor-mance. The most commonly used SA for a passively Q-switched fiber laser is a semiconductor saturable absorber mirror (SESAM). However, the SESAM has drawbacks such as a low damage threshold and small response bandwidth, which limit its applications in passively Q-switched fiber lasers [4] , [6] .
In recent years, graphene, a new type of two-dimensional (2D) material, has generated significant interest for pulse lasers. Compared to other 2D materials, graphene offers outstanding properties, including a fast recovery time, large response bandwidth, and simple fabrication [7] - [12] . Since the discovery of graphene, extensive studies have been conducted on passively Q-switched fiber lasers using graphene SAs [1] , [4] , [13] - [20] . In particular, graphene-based tunable Q-switched fiber lasers are incredibly attractive systems in this field. Compared to the SESAM, graphene provides a large response bandwidth and good thermal conductivity, making it beneficial to the generation of wavelength-tunable pulses with high pulse energies [4] .
There are several reports on tunable Q-switched fiber lasers using graphene SAs [2] - [5] , [21] . In 2011, a tunable Q-switched fiber laser was realized using a graphene-film SA and tunable filter that covered a tunable wavelength range of 32 nm [4] . In 2013, Ahmad et al. reported a graphene tunable Q-switched fiber laser based on a tunable fiber Bragg grating, which provided a tunable range of 10 nm [2] . All the reported graphene tunable Q-switched fiber lasers need additional tuning elements such as a tunable bandpass filter [3] - [5] , [21] or tunable fiber Bragg grating [2] , which increase the complexity of the laser system. Compared to the graphene-film SA used in the reported tunable Q-switched fiber laser, graphene SAs based on tapered fibers provide advantages of a high damage threshold, large interaction length, and simplicity to modularize and package [22] . Moreover, owing to the multimode interference, tapered fibers can provide wavelength-dependent transmissions and used as tunable filters in tunable fiber lasers [23] , [24] . Therefore, it can be expected that a tapered fiber coated with graphene can be used as both tuning element and SA in the tunable passively Q-switched fiber laser, thereby reducing the complexity and cost of the tunable fiber laser.
In this study, a multifunctional graphene SA that could be used as both a saturable absorber and tunable filter has been reported for the first time. With this multifunctional graphene SA, a tunable Q-switched fiber laser was demonstrated that did not use any additional tuning element. The multifunctional graphene SA is composed of a tapered fiber coated with graphene. The transmission peak wavelength of the graphene SA was found to be linearly dependent on the temperature and input power, with slopes of approximately −3.63 nm/°C and −0.35 nm/mW, respectively. Unlike the previous works [24] - [26] , the present tunable laser used temperature-dependent filtering property of a tapered fiber to achieve tunable wavelength controlled by pump power. Owing to the tunable filtering property of the multifunctional graphene SA, the configuration of the tunable laser was simplified. To the best of our knowledge, this is the first demonstration of a tunable graphene-based Q-switched fiber laser without an additional tuning element.
In these experiments, the Q-switched fiber laser had a tunable wavelength range of 7 nm (from 1558 to 1565 nm), with a maximum pulse energy of 251.9 nJ and signal-to-noise ratio of 48 dB. The high pulse energy, stable pulse output, and simple configuration implied that this tunable Qswitched fiber laser was suitable for use as a seed in a master oscillator power-amplifier (MOPA) system in practical applications.
Fabrication and Characterization of the Graphene SA
The graphene nanosheets used in our experiment were purchased from a chemical manufacturer (XFNANO, Nanjing, China). According to the information provided by the manufacturer, the diameter and thickness of the graphene nanosheets were 5-10 µm and 3-10 nm, respectively. Considering the height of the monolayer graphene to be 0.33 nm, the number of layers of the graphene nanosheets was estimated as 9-30.
The tapered fiber was fabricated by an oxyhydrogen-flame stretching method with a segment of a single-mode fiber (SMF-28). The waist diameter of the tapered fiber was approximately 4.8 µm and the length of the waist region was ∼2.5 mm. The measured intrinsic loss was 0.03 dB at 1550 nm. The tapered fiber was fixed in a silica glass U groove for the following treatment. Graphene nanosheets (20 mg) were mixed with an ultraviolet (UV)-curing adhesive with a refractive index of 1.373. To ensure a sufficiently high concentration and good packaging effect, the mass ratio of graphene nanosheets and UV-curing adhesive was determined to be 1:100. The obtained mixture was poured into the U groove and completely covered the tapered fiber. After 10 s of UV irradiation, the mixture was solidified in the U groove and the simply packaged graphene SA was obtained. A schematic illustration of the graphene SA is shown in Fig. 1 .
The tapered fiber could provide a wavelength-dependent transmission owing to mode interference [23] , [25] . The linear transmission spectrum of the present graphene SA was measured using a home-made amplified spontaneous emission (ASE) source. The measurement was repeated several times, yielding consistent results. The measured results are shown in Fig. 2 . The transmission spectrum showed a peak (∼1558 nm) in the wavelength range of 1540 to 1565 nm. When the input power is increased from 1.8 to 21.51 mW, the peak wavelength of the transmission spectrum is shifted from 1558 to 1550.8 nm. The wavelength shift was approximately 7 nm with an input power increment of approximately 19.7 mW. Moreover, the transmittance between 1525 nm and 1545 nm increased with the input power. This could be attributed to the saturable absorption of the graphene SA. The intensity of the ASE spectrum peak (∼1535 nm) significantly increased with the increase in power, leading to light absorption saturation between 1525 nm and 1545 nm. The transmission spectra in Fig. 2 were measured at a temperature of approximately 23°C. The relationship between the peak wavelength of the transmission spectrum and input power of the ASE source is shown in Fig. 3 ; a linear relationship was observed with a slope of −0.35 nm/mW. This input-power-dependent blue-shift could be attributed to the temperature increase on light absorption by the graphene nanosheets [28] , [29] . The change in temperature influenced the refractive index of the surrounding media, leading to changes in the transmission spectrum [27] - [29] . For a detailed analysis of the temperature-dependent transmission spectrum, the graphene SA was placed on a temperature-controlled board. The transmission spectra of the graphene SA at different temperatures were measured with an input power of 0.08 mW, as shown in Fig. 4 . When the temperature of the temperature-controlled board is increased from 18.3 to 24.3°C, the transmission peak of the graphene SA is shifted to shorter wavelengths, with a wavelength shift of 21.7 nm, corresponding to a slope of approximately −3.63 nm/°C, as shown in Fig. 5 .
The transmission spectrum of the tapered-fiber-based graphene SA was dependent on the size of the tapered fiber and refractive index of the media surrounding the tapered fiber [23] . By increasing the waist diameter of the tapered fiber and refractive index of the UV-curing adhesive, the bandwidth of the transmission spectrum could be increased [23] , which adjusted the filtering effect of the graphene SA. Moreover, owing to the influence of the absorption of light field by graphene nanosheets on the temperature of the graphene SA, the sensitivity of the wavelength shift to the input power could be altered by varying the concentration of graphene nanosheets mixed with the UV-curing adhesive. It can be expected that with a higher concentration of graphene nanosheets, the graphene SA could exhibit a larger temperature change under the same input power, providing a larger tuning range.
The nonlinear absorption of the graphene SA was measured using a passively erbium-doped mode-locked fiber laser with a pulse duration of 200 fs. The modulation depth of the graphene SA was measured to be 5.6%. However, owing to the effect of the power-dependent tuning, the measured modulation depth was only a rough result. In addition, during the measurement, the maximum input power was increased to 65 mW (corresponding to an intensity of ∼8.3 GW/cm 2 ) while the graphene SA was still undamaged. Therefore, the damage threshold of the graphene SA was at least higher than ∼8.3 GW/cm 2 .
Experimental Setup of a Tunable Q-Switched Fiber Laser Using the Graphene SA
A passively Q-switched fiber laser using the graphene SA was constructed, as shown in Fig. 6 . The pump source was a laser diode with a peak wavelength of 974 nm. The laser diode was connected 
Results and Discussion
When the pump power reached 92.1 mW, a stable Q-switched pulse was obtained. With the increase in the pump power, the laser continued to operate in the Q-switched regime, with increased output power and repetition rate. When the pump power increased to 183.1 mW, the Q-switched pulse disappeared. With a small adjustment of the PC, a stable Q-switched pulse was obtained again. With further increase in the pump power to 207 mW, the Q-switched pulse vanished again and reappeared with a proper adjustment of the PC. When the pump power exceeded 248 mW, the Q-switched pulse train disappeared and could not be restored even with a full-range adjustment of the PC. The output pulse trains under different pump powers are shown in Fig. 7 . As shown in Fig. 8 , with the increase in the pump power, the repetition rate varied from 20.1 to 39.1 kHz. Meanwhile, the pulse width decreased with the increase of the pump power. The shortest pulse duration was 2.22 µs, corresponding to a repetition rate of 39.1 kHz. The widest pulse duration was 5.9 µs, corresponding to a repetition rate of 21.3 kHz. The relationships between the pulse width, repetition rate, and pump power are determined by the generation mechanism of Q-switched pulses. As the pump power increased, more gain was provided to saturate the SA, therefore shortening the pulse width and pulse period [4] . Figure 9 shows the output power and calculated pulse energy in the ranges of 2.1 to 9.2 mW and 119.3 to 251.9 nJ, respectively. The output power was calculated using the measured power at the 90% fiber of the 10/90 OC. Figure 10(a) shows the typical Q-switched pulse when the laser operates under the pump power of 248 mW. The RF spectrum was measured with a resolution bandwidth (RBW) of 30 Hz, as shown in Fig. 10(b) . The measured signal-to-noise ratio (SNR) was 48 dB, demonstrating the stable operation of the Q-switched fiber laser. To confirm the long-term stability of the fiber laser, the output power under a pump power of 248 mW was measured for an hour. The fluctuation of the output power was ∼5%, indicating a relatively good long-term stability of the fiber laser.
The output spectra under different pump powers are shown in Fig. 11 . The increase in the pump power led to a blue-shift of the output spectrum with a tuning range of 7 nm, from 1565.6 to 1558.6 nm. The central wavelength of the output spectrum as a function of the pump power is shown in Fig. 12 . Before the second adjustment of the PC, the pump power increased from 92.1 to 201.1 mW, leading to a wavelength shift from 1565.6 to 1558.6 nm. After the second adjustment of the PC, the Q-switched pulse reappeared with a central wavelength of 1560.8 nm. With further increase in the pump power, the blue-shift could still be observed, from 1560.8 to 1558.8 nm. In the experiment, the change in temperature is originated from the absorption of light by graphene nanosheets distributed near the waist of the tapered fiber. Therefore, the temperature change of the tapered fiber could not be directly detected. In addition, during the experiment, the surface temperature of the graphene SA remained approximately constant; therefore, the temperature of the tapered fiber could not be obtained from the surface temperature. However, according to the slope of −3.63 nm/°C in Fig. 5 , when the pump power increased from 92.1 to 183.1 mW (before the first adjustment of PC), the estimated temperature change was approximately 1.8°C, corresponding to a tuning range of 6.6 nm.
According to the above results, the present Q-switched fiber laser provides a stable Q-switched operation with high-energy pulses and tuning ability with a simple configuration, making it suitable as a seed in a Q-switched fiber laser system based on a MOPA. The multifunctional graphene SA used in the present tunable Q-switched fiber laser was simple in structure and convenient to manufacture. Further studies on practical applications can be expected in the future.
In addition, a passive mode-locking operation using the graphene SA was also attempted. During the experiment, with the proper adjustment of the PC, mode-locking operation was realized. However, the stability of the mode-locking pulse was not good enough. The SNR of the mode-locking pulse was only 30-40 dB. The reason may be that the distance between the graphene nanosheets dispersed in the adhesive and tapered fiber was too large, resulting in a poor mode-locking performance. In general, the performance of the graphene SA has great potential for improvement. To further improve its performance, it is necessary to establish a theoretical model in the future. More theoretical and practical works are needed in upcoming research. The output performances of previously reported tunable Q-switched fiber lasers using graphene SAs are listed in Table 1 . The output details of this work are presented at the bottom of the list. With no additional tuning element, comparable results were obtained in our tunable Q-switched fiber laser.
Conclusion
In this article, a tunable passively Q-switched fiber laser using a tapered-fiber-based graphene SA was demonstrated. Owing to the multimode interference and temperature-dependent refractive index of the surrounding media, the graphene SA provided a temperature-dependent tunable transmission spectrum. The transmission peak of the graphene saturable absorber was found to be linearly dependent on the input power and temperature, with slopes of approximately −0.35 nm/mW and −3.63 nm/°C, respectively. Based on the graphene SA with a tunable filter, a tunable passively Q-switched fiber laser was constructed without any additional tuning element. The Q-switched pulse obtained in the experiment had a repetition rate in the range of 20.1 to 39.1 kHz. The shortest pulse duration was 2.22 µs, corresponding to a repetition rate of 39.1 kHz. The widest pulse duration was 5.9 µs, corresponding to a repetition rate of 21.3 kHz. The maximum pulse energy was 251.9 nJ. With the increase in the pump power, the operating wavelength shifted from 1565.6 to 1558.6 nm, providing a tuning range of 7 nm. The graphene SA with a tunable filter simplifies the configuration of the tunable Q-switched fiber laser. To the best of our knowledge, this is the first demonstration of a tunable graphene-based Q-switched fiber laser without an additional tuning element.
